The connection between dephasing of optical coherence and the measured spectral density of the pure solvent is made through measurements and calculations of photon echo signals. 2-pulse photon echo measurements of a cyanine dye in polar solvents are presented. Signals are recorded for both phase matched directions enabling accurate determination of the echo signal time shift. Echo signals are calculated by two approaches that employ the response function description of nonlinear spectroscopy; ͑i͒ a single Brownian oscillator line shape model, and ͑ii͒ the line shape obtained using the solvent spectral density. The strongly overdamped Brownian oscillator model incorporates only a single adjustable parameter while the experimental data present two fitting constraints. The second model incorporates the measured solvent spectral density. Both give very good agreement with the experimental results. The significance of the second method lies in this being a new approach to calculate nonlinear spectroscopic signals, for comparison with experimental data, that uses directly the measured spectrum of equilibrium fluctuations of the solvent. This approach also provides a better conceptual perspective for deriving insight into the nature of the solute-solvent coupling mechanism. Comparing the parameters for the strength of interaction in a variety of polar solvents it is found that the coupling involves the solvent polarizability and not the solvent polarity. The interaction mechanism cannot be deduced from the Brownian oscillator calculations.
I. INTRODUCTION
Accurate descriptions of chemical reactions in solution and the dynamics of transient species require understanding the bath fluctuations that are coupled to the reacting solute. 1, 2 Experimental characterization of chemical reaction dynamics in the condensed phase, particularly in liquids and glasses, requires elucidation of ͑1͒ the spectroscopic and ''kinetic'' properties of the reacting chromophore; ͑2͒ the dynamics of the medium ͑i.e., the spectrum of equilibrium fluctuations͒; ͑3͒ establishing the degree to which the system is driven from and restored to equilibrium; and ͑4͒ the couplings between the chromophore and bath.
The dynamic nature of a liquid or fluid medium causes structural changes to occur on time scales corresponding to the Fourier transform of the far-infrared or Raleigh-wing spectrum of the neat fluid. [3] [4] [5] These frequencies usually do not exceed 150-200 cm Ϫ1 in nonassociated liquids, which corresponds to about 100 fs for the time scale of intermolecular fluctuations. 6 Therefore, only experiments that are performed on such short time scales are capable of directly capturing the solvent effect on or response to chemical processes. Long-time cw-measurements, such as spectral hole burning, may have greater spectral resolution but will have limited utility in the case of rapid spectral diffusion. 7, 8 Two, three, and four-pulse experiments can be treated as four-wave mixing ͑FWM͒ processes, where the pump and probe pulses combine in the sample to create a nonlinear polarization that, in turn, radiates an electric field. [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] The nonlinear response function description of third-order polarization, P (3) (t 1 ,t 2 ,t 3 ), spectroscopy developed by Mukamel and co-workers 14 -16 shows that different FWM measurements of the time evolution of a solute-solvent system contain complementary information about the time correlation function of solvent fluctuations. The evolution of electronic phase reflects the form of the chromophore-bath interaction potentials and the correlation time of solvent fluctuations. The beauty of this formalism is the self-consistency that is employed in describing all time-domain nonlinear spectroscopies; information from a variety of measurements can in principle be combined or compared to extract the solute and solvent frequencies, couplings and relaxation dynamics. Successful comparison of the solvent spectral density obtained from optical Kerr effect ͑OKE͒ measurements and the time correlation function for solvation, obtained from fluorescence Stokes-shift measurements, has already been made. 19 Degenerate four wave mixing ͑DFWM͒ or photon echo studies with transform limited pulses have been applied to the study of optical ͑i.e. electronic͒ dephasing of molecules in solution. Weiner and Ippen 20 measured homogeneous and inhomogeneous limit responses in liquid and static media. Shank and co-workers 21, 22 have employed р10 fs duration pulses in 2-and 3-pulse echo measurements of dye molecules and nanoclusters in solution. Wiersma and co-workers 17, 23 have measured the 2-pulse photon echo of resorufin in DMSO, obtaining intermediate modulation limit results that were analyzed using a Brownian oscillator line shape model. Joo and Albrecht 24 have observed 2-pulse echo signals of oxazine dyes in ethylene glycol showing both fast ͑homogeneous͒ and slow ͑inhomogeneous͒ dynamics. Recent FWM studies of the form of the tϭ0 pump-probe feature 25 of HITCI/ethylene glycol conclude that the optical dephasing occurs on ''multiple time scales. '' We propose that the spectral density of the solvent perturbation of the chromophore, thereby the frequencydependence of the solvent-solute interaction, can be determined by combining the information from several distinct measurements. The equilibrium spectral density of the pure solvent must be compared with the decay of optical coherence, taking any measured ''reaction'' dynamics into account as a dissipation. This approach will allow one to obtain the correct statistical description of the solute-solvent system and correctly account for the distribution of frequencies ͑i.e., time scales͒ of liquid fluctuations. Furthermore, this approach, using independent experimental information, can unambiguously address the question of the mechanism of the interaction.
This paper describes the results of experimental measurements and numerical calculation of the DFWM response, i.e., 2-pulse photon echo, of the cyanine dye molecule 1,1Ј,3,3,3Ј,3Ј-hexamethylindotricarbocyanine iodide ͑HITCI͒ in several different polar solvents. Measurement of the echo signal in both k 3 ϭ2k 1 Ϫk 2 and k 3 Ј ϭ 2k 2 Ϫ k 1 phase matched directions are performed. Detection of both echos facilitates accurate determination of the temporal shift of the two echo signals, hence the shift from zero delay time. Numerical calculations of the photon echo signals are performed using a Brownian oscillator model description of frequency fluctuations in the nonlinear response function. 15, 16 A single strongly overdamped mode is used with only one adjustable parameter, which is the frequency spread of solvent fluctuations ͑i.e., the inverse relaxation time of the mode͒, to fit both k-vector matched echo responses. Steady state solvent Stokes-shift parameters have been measured 26 and used to fix the oscillator-bath coupling strength to the high temperature limiting value. Finally, a conceptually different approach that directly employs solvent spectral densities, obtained from vibrationally impulsive OKE measurements, is described and used to calculate the echo signals. These latter results amount to an approach for prediction of the 2-pulse photon echo signals based on independent knowledge of the spectrum of equilibrium fluctuations. Furthermore, comparison of the results from the different solvents allows the determination that the solvent polarizability is the property responsible for solute-solvent coupling. This conclusion cannot be deduced from the Brownian oscillator simulations.
II. EXPERIMENT
The experimental apparatus has been described in greater detail elsewhere. 26 The particulars of the laser system used for the echo measurements 27 and the k-vector diagram of the experiment are shown in Fig. 1 . The short pulse source is a homebuilt Kerr lens mode-locked Ti:sapphire laser 28, 29 capable of producing 18 -22 fs duration transform limited Gaussian pulses with 45-50 nm spectral bandwidth. The 85 MHz train of pulses is split into two beams with k-vectors k 1 and k 2 , an intensity ratio of 1:2, and are focused into a flowing dye jet of the chromophore HITC-iodide in a series of solvents including acetonitrile, DMSO, butanol, decanol, and ethylene glycol. The optical density of the jet at 770 nm, the laser center wavelength, is maintained at 0.3 or less. Pulse energies at the sample are 1-2 nJ. The diffracted photon echo signals in the 2k 2 Ϫk 1 and 2k 1 Ϫk 2 directions are detected with Hamamatsu R928 photomultipliers, processed with a digital lock-in amplifier ͑SRS-850͒ and recorded for each 2 fs increment of a stepper delay line.
III. THEORY
The experimental photon echo data can be analyzed by comparison with calculated signals using the nonlinear response function description of P ͑3͒ spectroscopy. 14 -16 In this framework any nonlinear optical signal can be expressed as a convolution of the correct molecular response function with a proper sequence of excitation fields. For a two-pulse photon echo, the observed signal in the 2k 2 Ϫk 1 direction in the rotating wave approximation is written as
where E(t) is the temporal profile of the excitation pulses ͑fitted to a Gaussian profile͒, is the laser center frequency, eg is the 0-0 transition frequency, ϭtЉϪtЈ, and represents a convolution over implicit time variables t 1 and t 2 . Here, tЈ and tЉ are the arrival times of the k 1 and k 2 pulses at the sample and tЈ,tЉϾ0. The wave vectors of the pump and probe beams are omitted for simplicitly although they are essential in a complete description of signal detection. The k-vector dependence of the signal and the associated response functions is addressed in the Discussion. Equation ͑1͒ follows from Ref. 15 when the general equation for the nonlinear polarization is reduced to the specific case of the 2-pulse photon echo. The molecular response function, R(t,), contains the temporal response of the molecular system for pulses separated in time by and is given by 15 R͑t, ͒ϭexp͕Ϫ2 Re͓g͑t͔͒Ϫ2g*͑͒ϩg*͑tϩ͖͒, ͑2͒ where g(t) is the optical line shape function and * means complex conjugate.
A. Brownian oscillator simulations
An analytical expression for the line shape function may be obtained by describing the spectrum of frequency fluctuations by a Brownian oscillator model. In the case of a strongly overdamped Brownian oscillator, the line shape ͑i.e., relaxation 30 ͒ function becomes
where ⌬ is the magnitude of the fluctuations, which is related to the displacement of the coordinate, ⌳ is the inverse relaxation time of the oscillatory mode, and is the steady state Stokes-shift, i.e., the reorganization energy of the solvent.
In the present case of excitation of the dye HITCI the laser is approximately on-resonance with the optical transition frequency, eg , so the complex exponential factors are dropped from Eq. ͑1͒. Thus, the two-pulse photon echo signal in the 2k 2 Ϫk 1 direction for on-resonance degeneratefrequency excitation may be written as
is the operational expression used for calculating the echo signals presented in the next section, and is accurate for the large time-shift and intermediate to inhomogeneous modulation limit results described below. The optical line shapes resulting from fitting the experimental echo signals were used to simulate the linear absorption and emission spectra given by 16 S abs ͑ , eg ͒ϭ ͵ 0 ϱ exp͓i͑Ϫ eg ͒t͔exp͓Ϫg͑ t ͔͒, ͑5a͒
and
where eg is the electronic transition frequency, taken to be halfway between the emission and absorption maxima, and g*(t) signifies the complex conjugate of the line shape function. The main peak in the absorption and emission spectra was assumed to arise exclusively from the 0-0 transition with a broadening described by g(t). The present measurements do not provide transition amplitude information that is necessary to nonarbitrarily include underdamped vibrational transitions into the calculation, even though our pump-probe studies have established these frequencies.
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B. Line shape functions from solvent spectral densities
An alternative approach to calculate the 2-pulse photon echo signal is considered that directly incorporates solvent dynamics into the line shape function through the solvent spectral density, S͑͒. Only the real part of the line shape function is considered since the signal depends on ͉exp͓g(t)͔͉ 2 ͑i.e., modulus square͒, and is given by 16 g͑t ͒ϭ 1 2
This form obtains from the Wiener-Khintchine theorem as shown in the Appendix. The full complex form for the line shape function can be obtained using the fluctuationdissipation theorem. 31, 32 To simplify the mechanics of integration in Eq. ͑6͒, the spectral densities for the various solvents are fit with an Ohmic function, given by [33] [34] [35] S͑͒ϭN ͚ A j
where A j ͑i.e., amplitude͒, ␤ j , and j are fitting parameters. The factor N is a normalization that describes the magnitude of the solute-solvent coupling and the physical properties of the solute and solvent that cause the interaction. As seen below, the value of this factor changes with solvent and, for the same solvent, should change for different chromophores. Cho and Fleming 36 have previously calculated various photon echo signals using the nonlinear response function formalism. They considered a number of approaches including a stochastic line shape model, overdamped B.O., correlation function of solvent fluctuations from fluorescence Stokes-shift measurements, and a moment expansion of the solvation TCF truncated at second order. The approach here differs in that experimental spectral densities are used to calculate echo signals for direct comparison with measured 2-pulse photon echo signals.
IV. RESULTS
The two-pulse photon echo signals for HITCI in decanol and the intensity cross-correlation of the pump and probe pulses are shown in Fig. 2 . The echo signals in the two directions have reflection symmetry about the zero delay time. The measurement of both diffracted beams allows an accuracy of Ϯ2 fs in determining the temporal shift between the two signal maxima. This temporal shift is an important constraint in the choice of model parameters that are used in the fit of the echo signals. In the case of the HITCI/decanol the time shift of the k 3 Ј and k 3 echos are, respectively, Ϯ14 fs from zero delay. The pulse cross-correlation response shown is the square-root of the actual response ͓cf. Eq. ͑4͔͒, which is narrower in time. The echo signals are, therefore, not only shifted but also noticeably broadened. Figure 3 shows a series of echos in the 2k 2 Ϫk 1 direction for HITCI in different solvents. While the echo signals exhibit similar widths the temporal shifts are observed to vary by more than 10 fs. The time-shift results are compiled in Table I along with solvent Stokes-shift parameters and line shape parameters used in modeling the data. There is no obvious correlation between the time shift and, for example, the solvent dipole moment, viscosity or polarizability. The small shoulder on the rising edge ͑i.e., at negative time͒ of the photon echo signals results from a thermal grating contribution to the experimental measurements that acts to couple the 2k 1 Ϫk 2 beam into the direction of the 2k 2 Ϫk 1 beam. This contribution decreases with increasing sample flow rates and reduced sample optical density. 27 Interaction of a chromophore with the solvent results in a broadening of the optical spectra. The broadening of the system can be classified by the ratio ϭ⌳/⌬. A homogeneously broadened system leads to ӷ1 ͑Markovian limit͒ while an inhomogeneously broadened system obtains when Ӷ1. 15 The intermediate modulation regime exists between these limits. The effect of the value of the broadening parameter is shown in Fig. 4 . The series of calculated 2-pulse photon echo signals shown in the figure span the range from the homogenous to inhomogeneous; in the homogeneous case the signal is peaked essentially at ϭ0 while an inhomogenously broadened system yields an echo signal that is maximal at Ͼ0. This figure clearly shows that the temporal shift between the 2k 1 Ϫk 2 and 2k 2 Ϫk 1 phase matched echo signals is an important parameter for simulating the experimental results. To obtain a physically meaningful interpretation of the data through uniqueness of fit it is important to independently establish the value of either ⌬ or ⌳.
Two-pulse photon echo calculations were performed by importing measured Stokes-shift magnitudes ͑͒ and, thereby, coupling strengths ͑⌬ 2 ϭ2k B T/ប for បӶk B T͒, for HITCI in various solvents. 26 The Stokes-shift was taken as the energy difference between the maximum of the steadystate absorption and emission spectra. This leaves ⌳ as the only adjustable parameter. The inverse relaxation time of the solvent was then adjusted to obtain a fit for the echo signals measured in both momentum matched directions. Figure 5 shows the simultaneous fit to both echo signals for HITCI in decanol. The simulated echo signals are in very good agreement with the experimental signals. The value of places the broadening of the HITC/decanol system in the intermediate modulation regime closer to the inhomogeneous case, but not into the ''large inhomogeneous broadening limit.'' The parameters required to fit the echo responses for this symmetric cationic cyanine chromophore in the various polar solvents are given in Table I .
The calculated linear absorption and emission spectra shown in Fig. 6 are not in good agreement with the measured spectra. In particular, the calculated spectra are too narrow although their respective maxima are in the correct position. This is primarily because other optically active transitions have not been taken into account in the simulations. Furthermore, the limited spectral bandwidth of the laser pulses tends to mainly extend over the 0-0 and hot-band absorption regions. To include these additional vibronic transitions in the calculated signal requires independent knowledge of the frequencies of the transitions and magnitude of the transition moments. Therefore, the parameters reported here for the 2-pulse echo simulations may change when these other transitions are taken into account. However, the solvent-tosolvent comparisons can be made since the relative trends will remain the same; the vibronic contributions will be the same in the different solvents. The fact that the simulated lineshapes are too narrow compared to the measured ones is reasonable since the additional discrete transitions observed in pump-probe 26 would tend to broaden the line shape. This more complete treatment will be reported elsewhere in conjunction with the analysis of 3-pulse stimulated photon echo data.
Solvent spectral densities. Another approach is considered for simulation of the 2-pulse echo signal of the cyanine dyes that uses the spectrum of solvent fluctuations explicitly. This spectrum is taken from measurements of the optical heterodyne-detected OKE response of each solvent. This measurement represents the molecular polarizability correlation function, ͗␣ i j (o)␣ kl (t)͘, and, by the fluctuationdissipation theorem, the associated equilibrium fluctuations of the pure liquid.
Our measured OKE signals shown in Fig. 7͑a͒ are normalized to their tϭ0 magnitudes to remove the measurement-dependent properties ͑i.e., laser power, Raman sensitive probing, etc.͒ thereby facilitating direct compari- son. The tϭ0 normalization, in effect, divides the actual experimental signal by the square of the solvent polarizability. These impulsive-OKE responses for four solvents are Fourier transformed and deconvoluted in the frequency domain by the Fourier transformed laser response ͑i.e., pump-probe cross-correlation͒ according to previous descriptions. 34, 37 The spectral density is obtained from the imaginary portion 37 of the frequency domain susceptibilities for each solvent, which are shown in Fig. 7͑b͒ , and are multiplied by a thermal occupation factor. The resulting spectra can be directly compared as representing a relative solvent density of states times the solvent correlation function. The tϭ0 normalization is important since the remaining scaling parameter, which is not uniquely nor independently determined from the spectral density fitting for a single solvent, is the interaction between the solvent and solute.
The susceptibilities for the various solvents are fitted to the functional form given by Eq. ͑7͒ to simplify the numerical integration of Eqs. ͑6͒ and ͑4͒. The physical significance of the Ohmic fit, i.e., where ␤ϭ1, is that the oscillators contributing to the spectral density exhibit a frequencyindependent friction, i.e., constant damping. 19, 33 For the case of decanol, as shown in Fig. 8 , it is necessary to assume two distributions, defined by j , for quantitative agreement with experiment. The low frequency distribution is Ohmic ͑i.e., ␤ϭ1͒ while the high frequency distribution has ␤Ͼ1. These distributions could simulation using the measured solvent spectral density; the calculation is superimposed on the experimental 2-pulse PE signal ͑data points͒ and the agreement is very good.
The fitting of the 2-pulse echo signals using the measured and normalized spectral densities allows for direct comparison of the coupling parameter values obtained for the the various solvents. Figure 10 is a plot of the magnitude of the coupling parameter vs solvent polarizability calculated from the Lorentz relation 38
where M is the molecular mass, is the solvent density, and n is the refractive index. 39, 40 The line through the points is a best linear fit to the data. The zero intercept implies that the magnitude of the chromophore interaction with the medium would go to zero in the absence of a polarizable solvent. The correlation of the parameters N and ␣ indicates that the solvent polarizability is involved in the coupling between chromophore and solvent. By contrast, a plot of coupling parameter versus solvent dipole does not give any correlation. The significance of this plot is that it allows for independently determining N for calculation and prediction of 2-pulse photon echo signals of HITCI using the OKE spectral densities.
The idea that the interaction between solute and solvent involves the solvent polarizability may be substantiated by examining a plot of the shift in the measured absorption maximum vs (n 2 Ϫ1)/(n 2 ϩ2). This is shown in Fig. 11 . A clearly linear trend is obtained that, when combined with the observation of a solvent-independent ͑i.e., constant͒ Stokes-shift, 26 indicates the bathochromic shift arises from the two-level system-solvent interaction through the solvent polarizability. The slope of the line reflects the change in the chromophore polarizability between the ground and excited states. This consistency supports the idea that the form of the correlation is a property of the system rather than a property of the echo measurement.
V. DISCUSSION
The calculated photon echo signals are found to agree very well with the measured signals for both models that are employed. In both cases some of the adjustable parameters are determined independently. This results in an overdetermined fitting problem with one fitting parameter and two constraints; the time shift and the echo width. The analysis is overdetermined within the assumption to omit additional optical transitions that must actually contribute to the prepared coherence. 26 These additional parameters can, however, be obtained from cw-resonance Raman spectral studies and from 3-pulse stimulated photon echo measurements, and will be reported elsewhere. 41 The observed 2-pulse photon echo signals of this symmetric cationic cyanine dye are similar to the two-pulse echo signals recently reported for other chromophores. 24 Cho and Fleming 36 have calculated various photon echo signals, using the nonlinear response function formalism, that are qualitatively the same as the signals reported here. Furthermore, the echo signals presented here are in qualitative agreement with the semiclassical photon echo simulations of Loring and coworkers that exhibit nonexponential decay behavior. 42 From this standpoint the conclusion of an intermediate line shape and dynamics for relaxation ͑i.e., not simply separable into homogeneous and inhomogeneous contributions͒ obtained from analysis of the photon echo signals in HITCI is reasonable. Furthermore, this may be a more general result for reasonably weakly interacting solute-solvent systems.
The direct comparison of measured and calculated photon echos using solvent spectral densities is the principle result of this study. Two new conclusions result from this analysis for this chromophore in a range of solvents. First, the method for calculating photon echo signals implicitly assumes that the spectrum of equilibrium fluctuations of the pure liquid determine the spectrum of modulations of the optical transition frequency resulting in optical dephasing. This concept was introduced in the echo calculations using measured solvent spectral densities. Secondly, as shown in Fig. 10 , the comparison of experimental and calculated photon echos facilitates establishing the nature of the solutesolvent coupling. It should be emphasized that this is not possible in the framework of the single overdamped Brownian oscillator simulations since the interaction there is determined by the solvent Stokes-shift, which is constant for the range of solvents studied. Furthermore, the bathochromic shift of the linear absorption spectrum shown in Fig. 11 supports the idea that the chromophore-solvent coupling changes with solvent even though the steady-state Stokesshift is approximately constant in these solvents. 26 This indicates that the overdamped Brownian oscillator analysis ͑i.e., generalized Kubo line shape͒ described by Eq. ͑3͒ is not appropriate for analysis of photon echo signals in the case where the chromophore does not exhibit a significant change in dipole moment upon optical excitation, that is, when the Stokes-shift does not adequately represent the magnitude of the interaction. 43 Another question that naturally arises from this picture is why the spectrum of equilibrium fluctuations of the solvent can be used to calculate, and actually predict, the 2-pulse photon echo response for a chromophore in the same solvent? Two factors have to be taken into account; ͑i͒ the energy of solvation per interacting solvent molecule, and ͑ii͒ the applicability of linear response to chromophore-solvent interaction upon optical excitation. The interaction of the chromophore with the first few solvent ''shells'' would, presumably, account for the modulations in the optical transition frequency of the chromophores in the ensemble. Molecular dynamics simulation studies of charge and dipolar solvation have shown 44 that the dominant contribution to the solvation energy is obtained from the first three solvent shells. The interactions include a long range ion-dipole contribution
͔. In the present case the interaction results from ion-induced dipole ͕U ion-id ϰ[(z•e)
2 ␣]/r 4 ͖ and/or instantaneous dipole-induced dipole ͑U disperion ϰ␣ 1 ␣ 2 /r 6 ͒ contributions since the coupling strength and absorption maximum shift correlate with solvent polarizability. We have calculated the solvation energy of groundstate HITCI in water 45 to be approximately 20 kcal/mol, which implies that the interaction energy per chromophore is 7000 cm
Ϫ1
. The large size of the chromophore, however, results in approximately 100 molecules residing in the first and second solvation shells. Therefore, the interaction energy for a near lying solvent molecule is less than k B T ͑Ϸ200 cm
͒ at room temperature. Solvation of small charged spe- ͒ is plotted against (n 2 Ϫ1)/(n 2 ϩ2). The solvents include the alcohols ͑methanol-pentanol, octanol, decanol͒, acetonitrile, DMSO, ethylene glycol.
cies with few proximal solvent molecules ͑i.e., single atom cations, solvated electron, etc.͒, on the other hand, would be expected to perturb the local solvent structure significantly such that the spectrum of fluctuations is altered from the pure liquid value. 46 A qualitative argument for the applicability of linear response for the optical transition can also be made. The magnitude of the perturbation of solute-solvent interaction might be judged by the Stokes-shift to be small; in the case of HITCI and HDITC-perchlorate, another cyanine dye, this is approximately 400 and 300 cm Ϫ1 , respectively. 26 In this case, however, the shift in the absorption maximum from the isolated molecule value is a more appropriate estimate of the change in the solute-solvent interaction upon optical excitation. This value is approximately 700 cm
; again, the average interaction energy per solvent molecule is significantly less than k B T. The motions of the proximal solvent molecules will, by the fluctuation-dissipation theorem, not be significantly modified by the changes in the electrostatic interaction between solute and solvent. Therefore, the spectrum of solvent fluctuations will be very similar to those measured in the pure liquid, vide supra. This may even be true in the case where the solute undergoes a reasonable change in dipole upon excitation since it has been shown in simulations that linear response is closely obeyed. 44 Certainly some of the solvent fluctuations of the nearest lying solvent molecules will be replaced by solvent-solute modes which will certainly contribute to the dephasing process. Considering the goodness of fit of the time integrated echo responses using the spectrum of pure solvent fluctuations suggests that the solute-solvent modes and changes in the solvent-solvent motions are both relatively small in number and/or similar in frequency such that the effective spectral density is approximately the same, within 20% or so.
The measured susceptibilities, hence spectral densities, work best when used to simulate the two pulse echos of HITCI ͑and recently the cyanine dye analog HDITCperchlorate͒ dissolved in the same solvent. Although the spectral density of one solvent could be substituted and used to simulate the echo measured in another solvent, especially acetonitrile for DMSO or butanol for decanol, this would require a new value for the coupling parameter, N. The correlation of coupling parameter with polarizability would, however, be eliminated. New simulations that do not involve the approximations made in writing Eqs. ͑1͒ and ͑4͒ show the sensitivity of the simulated photon echo signal to high and low frequency portions of the spectral density. The intermediate to high frequency range ͑30-600 cm Ϫ1 ͒ dictates the echo response. 47 The parameter that accounts for the interaction between solute and solvent, N in Eq. ͑7͒, is here assumed to be frequency independent. This is consistent with the idea that the low-frequency portion of the solvent susceptibility is Ohmic, although this observation does not justify the frequency independence. In general, the coupling would be frequencydependent, i.e., N͑͒, but the present analysis would, in this case, no longer be unique. Incorporation of N͑͒ amounts to finding the appropriate spectral density for the observed process. The frequency-dependent coupling could be determined by least-squares minimization in fitting. However, the assumption of omitting the additional vibronic transitions is probably a more important consideration at this stage, as judged from Fig. 6 . This assumption aside, the equilibrium spectral density serves as a useful reference point from which to establish the frequency dependence of the coupling of the solvent fluctuations to the optical transition moment.
The momentum matching condition for the 2-pulse echo signals can have an effect on the form of the nonlinear response function that is appropriate in the simulation. Four different time-ordered interactions ͑and their complex conjugates͒ result in four response functions, R i , iϭ1,...,4.
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The large inhomogeneous broadening limit is usually invoked for simplification of the number of contributions ͑i.e., neglecting pathways, R 1 and R 4 ͒ that contribute to the nonlinear polarization. 15 The R 1 and R 4 terms do not contribute to polarization rephasing and echo formation due to violation of causality. Also, for well-separated pulses, the 2-pulse echo signal obtained from the time-ordered interactions of k 1 pulse followed by k 2 allow only R 2 and R 3 to contribute to the signal. This is simply a result of properly accounting for the k-vector matching conditions for the detected signal directions. The well separated pulse limit is a good approximation for the peak and decaying edge of our echo responses shown in Figs. 2 and 3 . The R 1 and R 4 responses do, however, contribute to stimulated photon echo signals. 41 Comparison of the present simulations with simulations that consider all four response functions and a more general treatment of the time propagation show that the most significant deviations of the calculated echo responses occur before the peak of the signal. 47 The line shape functions used in the present calculations are limited in the frequency range over which they are applicable. This stems from the high temperature ͑i.e., classical͒ limit assumption implicit in the Langevin equation and its solution in the form of the Brownian oscillator line shape. More general line shape functions that are appropriate at both lower temperature and/or higher frequency have recently been reported. 48 -50 The deviation of the LangevinBrownian oscillator line shape from the generalized version is significant for underdamped oscillators especially for frequencies greater than or equal to k B T, while the overdamped line shapes are similar up to k B T. In the present case the frequency range for the spectral density is generally less than 200 cm Ϫ1 so the aforementioned forms will be retained. We employ the generalized line shape functions for the analysis of pump-probe measurements 51 and 3-pulse photon echo studies. 41 Cho and Fleming have recently discussed higher-order ͓i.e., ͑5͒ ͔ nonlinear scattering measurements as a better probe for distinguishing inhomogeneous from homogeneous broadening contribution to the line shape. 52 We propose an alternative approach which is at the level of ͑3͒ and is a direct extension of the measurements reported here. The scheme involves gated detection of the echo, which allows direct detection of the asymmetry in the echo shape. The asymmetry reflects the product of inhomogeneous ͑i.e., symmetric Gaussian͒ and homogeneous ͑i.e., exponentially decaying͒ contributions to the nonlinear response function. An-other advantage involves replacing the ͑third͒ integration in Eq. ͑1͒ with a simple and finite convolution over the gate pulse duration. These measurements have been performed and indeed reflect greater sensitivity to the form of the spectral density; the multidimensional data allow determining a frequency-dependent coupling parameter. 53 Finally, Wiersma and co-workers have very recently reported 2-pulse photon echo simulations of HITC-iodide in ethylene glycol. 54 They fit a 2-mode Brownian oscillator line shape function to the ethylene glycol susceptibility reported in Ref. 35 . The resulting simulated 2-pulse echo responses agree well with measured signals although the Brownian oscillator parameters are more homogeneouslike than those obtained here. We have also previously reported on the idea of using a measured solvent property to fix the frequency spectrum of fluctuations very similar to that reported here using Ohmic fits to the acetonitrile susceptibility.
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VI. CONCLUSIONS
In conclusion, 2-pulse photon echo signals for a cyanine dye are reported and calculated using the strongly overdamped Brownian oscillator model for the line shape. The measurement of both echo signals is shown to constrain the allowable value of the single fitting parameter via both the time shift, which is well determined as the time between maxima of the two echo signals, and the width of the echo response. Taking the high temperature limiting value for ⌬ obtained from the experimentally determined Stokes-shift, , leaves ⌳, the inverse correlation time of the solvent, as the only adjustable parameter for the fit.
The principal result of this study is that the 2-pulse PE signal can be ''predicted'' from the measured spectral density of the neat solvent. The calculated two-pulse echo signals obtained from the measured spectra of solvent fluctuations are in excellent agreement with the measured 2-pulse photon echos. This indicates that the solvent spectral density obtained from impulsive OKE measurements essentially accounts for the solvent fluctuations that dictate the evolution of optical coherence of HITCI in polar solvents. The successful comparison of the model calculation and the experimental results indicate that frequency-dependent couplings are not required. Measurements performed in a variety of solvents and the appropriate normalization of the solvent spectral densities enables the determination that the chromophore-solvent interaction involves the solvent polarizability. This interaction mechanism and parameter cannot be established using the more standard Brownian oscillator simulation in which the magnitude of the solvent fluctuations is determined by the Stokes-shift, which in this case is constant for a wide range of solvents. 26 The conclusion that the solute-solvent interaction occurs through the solvent polarizability is consistent with the bathochromic shift of the absorption spectrum of HITCI in a large variety of polar and polarizable solvents.
ACKNOWLEDGMENTS
We thank Professors Graham Fleming and Paul Champion for helpful comments. We thank Professors Anne Myers, Shaul Mukamel, Paul Champion, and John Simon for providing us with preprints of their cited work. We thank Dr. T. S. Yang for helpful comments on the manuscript. We acknowledge the financial support of the National Science Foundation ͑CHE-9221000 and NSF-NYI͒, University of Pennsylvania Materials Laboratory ͑NSF-DMR͒, the ACS Petroleum Research Fund ͑type G͒, Deutsche Forschungsgemeinschaft, and the Department of Education ͑GAANN͒. N.F.S. is the recipient of a David and Lucille Packard Foundation fellowship.
APPENDIX
The form of the line shape function used for echo calculations from the measured solvent spectral density is given here. The magnitude of the solvent-induced shift of the optical transition frequency of our 2-level chromophore is given by U/ប. The correlation function of solvent-induced fluctuations in the transition frequency is then written as C͑t ͒ϭ ͗␦U͑t͒␦U͑0͒͘ ͗␦U 2 ͘
.
͑A1͒
We define the spectral density of fluctuations, S͑͒, using the Wiener-Khintchine theorem as 56 C͑t ͒ϭ 1 ͵ 0 ϱ S͑ ͒cos td. ͑A2͒
Loring and co-workers 42 gave the 2-pulse photon echo signal and line shape functions derived using a cummulant expansion to second order, 
S͑ ͒d. ͑A6͒
The ͗␦U 2 ͘ term contains the magnitude of the frequency fluctuations of the chromophore induced by the solvent while the integrand describes the spectrum of solvent fluctuations.
Finally, the 2-pulse photon echo signal can be evaluated using the line shape function as
Ϫ4 cos͑t ͒ϩcos͑ 2t ͔͒ ͮ .
͑A7͒
